Diabetes was induced in rats by administration of a single i.p. injection of streptozotocin (50 mg/kg body wt). After 7 d, diabetic rats were further treated with insulin or 1,25-dihydroxycholecalciferol [1,25(OH)2D3] for an additional 5-7 d. Control, diabetic, diabetic + insulin, and diabetic + 1,25(OH)2D3 rats were then killed, their proximal small intestines were removed, and villus-tip epithelial cells were isolated and used to prepare brush-border membrane vesicles. Preparations from each of these groups were then analyzed and compared with respect to their amiloride-sensitive, electroneutral Na(+)-H+ exchange activity, using 22Na uptake as well as acridine orange techniques. The results of these experiments demonstrated that (a) H+ gradient-dependent 22Na uptake as well as Na+ gradient-dependent transmembrane H+ fluxes were significantly increased in diabetic vesicles compared to their control counterparts, (b) kinetic studies demonstrated that this enhanced 22Na uptake in diabetes was a result of increased maximal velocity (Vmax) of this exchanger with no change in apparent affinity (Km) for Na+, (c) serum levels of 1,25(OH)2D3 were significantly lower in diabetic animals compared with their control counterparts; and (d) were then killed, their proximal small intestines were removed, and villus-tip epithelial cells were isolated and used to prepare brush-border membrane vesicles. Preparations from each of these groups were then analyzed and compared with respect to their amiloride-sensitive, electroneutral Na+-H+ exchange activity, using 22Na uptake as well as acridine orange techniques.
Introduction
Chemically induced diabetes mellitus has been shown to be associated with a number of structural abnormalities in the mammalian small intestine, such as hypertrophy (1) , as well as several functional alterations, including enhancement of the uptake of hexoses (2) , various amino acids (3), bile salts (4), as well as sodium (5, 6) . Insulin therapy, moreover, has been reported to correct many ofthese intestinal alterations associated with diabetes, including sodium absorption (5, 6) . Although it has been postulated that this increased sodium absorption observed in diabetes may be an adaptive response to excess loss of urinary sodium as a result of osmotic diuresis produced by glycosuria (6) , to date, the mechanism(s) underlying this intestinal phenomenon in this pathological state remain(s) enigmatic.
In this regard, recent studies in renal proximal tubular brush-border membrane vesicles isolated from streptozotocininduced diabetic rats have demonstrated an increase in electroneutral amiloride-sensitive, Na'-H' exchange activity in these preparations compared to their control counterparts, which was partially corrected by insulin administration (7, 8) . Since this ubiquitous transporter(s) has been implicated in a number of diverse physiological processes, including cellular proliferation (reviewed in reference 9), these authors suggested that this enhanced Na'-H' exchange might underlie known complications of the diabetic state such as renal hypertrophy (7, 8) .
This carrier-mediated exchange process has also been shown to exist in the apical membranes of the mammalian small and large intestine and plays an important role in electroneutral sodium absorption in these organs (10) (11) (12) (13) (14) (15) (16) . In the small intestine, this exchanger has been clearly documented in the apical membranes of the villus cells, however, its presence on the apical membranes of crypt cells is uncertain (17) . Recent studies in both the large and small intestine have demonstrated that the activity ofthis antiporter is subject to hormonal regulation (18) (19) (20) (21) . For example, apical membranes isolated from colonocytes of rats treated with dexamethasone (18) exhibited increased Na+-H' exchange activity, whereas, estradiol treatment decreased this exchange process (19) . Additionally, previous studies in our laboratory (20) and others (21) have demonstrated modulation of Na'-H' exchange by 1,25-dihydroxycholecalciferol [1 ,25(OH)2D3] in CaCo-2 and chick small intestinal cells, respectively. These latter findings are particularly interesting in view of earlier studies (22) , which documented a decrease in the serum levels of 1,25(OH)2D3 in animals administered streptozotocin, secondary to decreased renal 1-hydroxylation. Insulin therapy, moreover, has been shown to correct these alterations in 1,25(OH)2D3 in diabetes (22) .
Based on the above observations, in the present experiments it was, therefore, of interest to determine whether Na'-H+ exchange activity was altered in brush-border membrane vesicles prepared from the proximal intestinal villus cells of streptozotocin-induced diabetic rats as well as to explore the possible factor(s) responsible for such alterations, including the vitamin D status ofthese animals. The present results as well as Induction of experimental diabetes and administration of insulin and J,25(OH)2D3. Male Lewis rats (250-300 g body wt; Charles River Breeding Laboratories, Inc., Wilmington, MA) were divided into two groups. Diabetes mellitus was induced in one ofthe groups by the single intraperitoneal injection of streptozotocin (50 mg/kg body wt in 0.9% NaCl), while the control group received the vehicle alone. The diabetic rats were further subdivided into insulin-treated, 1,25(OH)2D3-treated, or nontreated groups. Insulin-treated diabetic rats received 4-6 U per day of Iletin II pork insulin by subcutaneously implanted osmotic mini-pumps for 5-7 d beginning 7 d after streptozotocin administration (23). 1,25(OH)2D3-treated diabetic rats were injected subcutaneously with calcitriol (dissolved in 5% ethanol in propanediol) at a daily dose of 10 ng/100 g body wt for 5-7 d, beginning 7 days after streptozotocin administration. Previous studies from our laboratory have shown that this dose was physiologic as it did not overcorrect Ca and P absorption in vitamin D-deprived rats (24) . The streptozotocin-treated rats were periodically analyzed for glycosuria and were eliminated from the study if they did not show at least 1% glycosuria at all times. Tail vein blood was used to monitor glucose levels using the Glucoscan 2000 (Lifescan Inc., Mountain View, CA). Only those insulin-treated rats in which the blood glucose levels stabilized at 140±20 (mg/dl) for at least 3 d before sacrifice were used in the present experiments. Serum 1,25(OH)2D3 levels were assayed by a nonequilibrium competitive protein-binding assay based on a thymus receptor, using a kit and procedure supplied by Incstar Corp.
Isolation ofvillus enterocytes. Control, diabetic, insulin-treated diabetic, and 1,25(OH)2D3-treated diabetic rats were fasted for 16 h with water ad lib. before sacrifice. Animals were killed by rapid cervical dislocation, the proximal half of their small intestines was quickly removed, their wet weights were determined, and nine fractions ofenterocytes along the crypt-villus axis were sequentially harvested using a technique which combines chelation ofdivalent cations with mild mechanical dissociation as previously described (25, 26) . For each preparation two or three animals in each group were used. Fractions 1-3, representing villus-tip cells were pooled for these experiments. Preparations from each of the different experimental groups were comparable with respect to sucrase specific activity and [3H]thymidine incorporation into DNA, indicating similar populations of mature enterocytes, as previously described (26) .
Brush-border membrane preparation. Brush-border membranes were prepared from villus-tip cells of all four groups by using 10 mM MgCl2, instead of 10 mM CaC12, as the precipitating agent as previously described (27) . Purity and comparability of the preparation as well as contamination by microsomal, mitochondrial, and basolateral membranes were assessed by using appropriate marker enzymes (27) . All brush-border membrane preparations were equally purified [15] [16] [17] [18] [19] [20] -fold compared with the original homogenates, using sucrase and alkaline phosphatase (p-nitrophenylphosphatase) as marker enzymes, and showed minimal contamination by other membranes as previously described (27) . Protein was measured by the method of Lowry et al. (28) , with bovine serum albumin as standard. All enzymatic activities were measured under conditions that were linear with respect to time and protein (27) .
22Na uptake experiments. Brush-border membrane vesicles from each group were prepared and the final pellet was resuspended and washed twice as previously described (29) . The first buffer consisted of 300 mM mannitol, 5 mM Tris-Hepes (pH 7.5). In experiments, in which the intravesicular pH was 7.5, a second washing with 144 mM KCI, 5 mM 2-(N-morpholino) ethane sulfonic acid (MES), 13 mM Tris, and 13 mM Hepes (pH 7.5) was used and the final pellet was suspended in the same buffer. In studies in which the intravesicular medium was pH 5.5, the second washing solution contained 150 mM KCI, 25 mM MES, and 4.6 mM Tris (pH 5.5).
Uptake of 22Na was measured at 250C by a Millipore filtration technique as previously described (29, 30) . Unless otherwise stated, the incubation medium consisted of 144 mM KCl, 5 mM MES, 13 mM Hepes, 13 mM Tris, 1 mM NaCl (pH 7.5), and 5 MM valinomycin.
Experiments were started by the addition of 80 Al of the incubation media containing (0.2-0.5 ACi of 22Na) to 20 Ml of the membrane suspension (-100,ug ofprotein). After designated time periods, the reaction was terminated by the addition of 5 ml ofstop solution containing 150 mM LiCl, 16 mM Hepes, and 10 mM Tris (pH 7.5). The diluted samples were immediately filtered through a 0.45-Am Millipore filter using a Millipore manifold filtration assembly (Millipore Corp., Bedford, MA). Filters were further washed two times with 5 ml of cold stopping solution, dissolved in scintillation fluid (Filtercount, Packard Instrument Co., Inc., Downers Grove, IL) and the radioactivity was measured in a liquid scintillation counter (model 5800, Beckmann Instruments, Inc., Palo Alto, CA). Nonspecific binding of radioactivity to the filters was subtracted from the total counts of the sample. All incubations were performed in triplicate using membranes prepared the same day.
In studies in which the ionophore valinomycin was used, this agent (5 MM, final concentration) was added from an ethanolic stock solution resulting in a final ethanol concentration of0.5% (vol/vol) in the incubation media during all measurements. Fluorescent dye studies. The fluorescence quenching of acridine orange was employed to monitor formation as well as dissipation ofpH gradients as previously described by our laboratory and others (1 1, 29, 31-33) . The fluorescence of acridine orange was measured at 25°C with a spectrofluorometer (excitation 493 nm, emission 530 nm; model 650-40, Perkin-Elmer Corp., Norwalk, CT) equipped with a thermostated cuvette, stirring system, and adding port. Care was exercised to maintain constant pH and temperature, which previously have been demonstrated to influence the reproducibility ofassay results (15, 31) . Calibrations of the acridine orange fluorescence response with respect to membrane protein and various pH gradients were performed as described previously (15) to ensure that the dye response was not rate-limiting and could successfully be used to monitor transmembrane proton fluxes in small intestinal villus brush-border membrane vesicles prepared from both control and diabetic animals. In general, 25 Ml of membrane vesicles (-500 Mg of membrane protein) were added to 1,975 Mul of incubation buffer containing 10 MM acridine orange. The initial fluorescence intensity of the incubation medium (without membranes) was adjusted to 800 arbitrary fluorescence units by altering the instrument attenuation and was kept constant throughout for various measurements. For proton influx studies, soon after the addition of vesicles loaded with Na+ to incubation medium (pH 7.5 inside/7.5 outside), a time-based scan of fluorescence quenching was performed to assess the rate oftransient intravesicular acidifications by drawing a tangent to the initial linear portion of the fluorescence signal 1756 (11, 15, 29, 34) . For proton efflux studies, after the addition of vesicles to incubation medium (pH 5.5 inside/7.5 outside), as soon steady-state acridine orange fluorescence quenching developed, sufficient quantities of Na'-gluconate stock were then added with constant stirring, resulting in reappearance of acridine orange fluorescence. The initial rate of fluorescence recovery was calculated as described above (15, 29) . The detailed incubation conditions for each experiment are given in the table legends. After 300 s the pH gradient was dissipated by the addition of 150 mM K+ gluconate and 10 ;g of nigericin as previously described (15, 29) . In studies, where ionophores were used, they were added from their ethanolic solutions as described above.
Statistical analysis. All experiments were performed using at least four or five freshly isolated independent membrane preparations. Results are expressed as mean±SEM. Paired or unpaired Student's t tests and one way analysis of variance were used in statistical analysis as appropriate. A P value of < 0.05 was considered statistically significant.
Results
Profile ofanimal groups. Body weights (initial and at sacrifice), intestinal wet weights at sacrifice, and blood glucose values of control, untreated diabetic, insulin-treated, and 1,25(OH)2D3-treated diabetic rats are included in Table I . As can be seen from this table, unlike control rats, untreated-diabetic rats failed to gain weight and actually lost body weight after induction of diabetes by streptozotocin. Insulin administration to diabetic rats for 5-7 d was found to partially correct this weight loss in these animals. Wet weights of the proximal small intestines of the diabetic animals at sacrifice, however, were found to be significantly greater than their control counterparts and this parameter was corrected by insulin treatment for [5] [6] [7] d. Blood glucose values for diabetic rats were also found to be significantly higher compared to values for control animals and insulin-treated animals. 1,25(OH)2D3 treatment to diabetic rats, however, did not influence body weight loss, intestinal hypertrophy or hyperglycemia observed in untreated-diabetic rats (Table I) .
Conductance ofprotons andpotassium. Since assessment of Na'-H' exchange activity involves measurements of Na' gradient-dependent proton movement and/or proton gradientdependent Na' movement, it was important to examine proton conductance of control and diabetic brush-border mem- brane vesicles in these studies. Acridine orange techniques, as previously described by our laboratory and others (1 1, 29) , were used for these experiments. Vesicles from control and diabetic animals were loaded with 150 mM K+ gluconate, 10 mM Tris/Hepes, pH 7.5, and were diluted into a buffer containing 150 mM N-MGG, 10 mM Tris/Hepes, pH 7.5, containing 10 MM acridine orange in the presence and absence of the potassium-selective ionophore, valinomycin. As shown in Table II in the absence ofvalinomycin the rate ofintravesicular acidification, which represents intrinsic potassium conductance, remained unchanged in diabetic vesicles compared to their control counterparts. In the presence of valinomycin the rate of intravesicular acidification, representing intrinsic proton conductance, also remained unaltered (Table II) in diabetic compared to control vesicles. These findings, therefore, indicate that K+ and H+ conductances of small intestinal villus brush-border membrane vesicles remained unaltered in streptozotocin-induced diabetes, compared to their control counterparts.
Time course ofH+ gradient-dependent 22Na uptake. Fig. 1 shows the effect ofchemically-induced diabetes mellitus on the time course of pH gradient-dependent 1 mM 22Na uptake under voltage clamp conditions (presence of valinomycin with K+ on both sides of vesicles). In the presence of a pH gradient (pH 5.5 inside/7.5 outside), 22Na uptake in diabetic preparations was significantly enhanced at each time point (up to 3 min), compared to their control counterparts. At equilibrium (180 min), accumulation of 22Na was, however, similar in control and diabetic vesicles. As previously discussed (35, 36) , the latter finding indicates that diabetes did not influence average intravesicular volume and, therefore, the increased 22Na uptake at early time points (up to 3 min) could not be ascribed to altered vesicular size in these experiments. Since similar aliquots of membrane proteins were used in the transport experiments, this also rules out changes in vesicular number as being responsible for increased 22Na uptake observed in these experiments. In the absence of a pH gradient (pH 7.5 inside/7.5 outside), there was no significant difference observed in 22Na uptake in vesicles from control and diabetic animals, indicating that 22Na permeability was also not influenced by the diabetic state. These findings are in agreement with previous experiments by Ghishan et al. (37) , in which no differences were noted in 22Na permeability in jejunal brush-border membrane vesicles of control and streptozotocin-induced diabetic rats. 1 Values represent mean±SEM of four or five independent membrane preparations.
mM amiloride significantly inhibited (-85-95%, in 15 s) 22Na uptake in the presence of a pH gradient, in both the control (1,029±104 to 123.5±12.5) and diabetic groups (2,020±346 to 151.3±20.6). These findings, therefore, again indicate that 22Na uptake via the exchange mechanism was significantly increased, whereas 22Na uptake by ancillary pathways was not influenced in this experimental model.
It was also conceivable that the observed increase in 22Na uptake in brush-border membrane vesicles from diabetic rats was secondary to a decrease in the rate ofproton-gradient dissipation rather than an increase in Na'-H' exchange activity. However, as shown in Table II , the intrinsic proton conductance of brush-border membrane vesicles in control and diabetic animals was not statistically different (P > 0.05, Table II ), indicating that the observed enhancement of H' gradient-dependent 22Na uptake in diabetes (Fig. 1) was not a result of altered H' conductance in these vesicles, but rather was a direct consequence of increased Na'-H' exchange.
Na+ gradient-dependent H+ influx. Since amiloride-sensitive, H' gradient-dependent 22Na uptake was increased in diabetes (as shown above), the effect of diabetes on Na' gradientdependent H' influx, using acridine orange techniques (11, 29) , was also examined. Vesicles were loaded with 100 mM Na'-gluconate, 50 mM K+-gluconate, 1O mM Tris/Hepes, pH 7.5, and were diluted into a buffer containing 100 mM N-MGG, 50 mM K+-gluconate, 10 mM Tris/Hepes, pH 7.5, and 10 ,M acridine orange±5 ,M valinomycin.
Dilution of sodium-loaded vesicles in sodium-free media resulted in transient intravesicular acidification as observed by quenching of acridine orange fluorescence. As shown in Table   III , the rate of intravesicular acidification in the absence of valinomycin was significantly enhanced in the diabetic preparations compared to respective control values. Sodium gradientdependent influx ofprotons can be attributed to either conductive coupling or direct coupling via electroneutral exchange of Na' for H'. To distinguish between these two possibilities, 5
MiM valinomycin was added in the presence ofK+ on both sides of the vesicles. As shown in Table III , addition of valinomycin markedly decreased Na+-dependent intravesicular acidification in vesicles from both control and diabetic rats, indicating the presence of significant conductive coupling of Na+ and H+ in these vesicles. The rate ofNa+ gradient-dependent intravesicular acidification in the presence of valinomycin was also almost doubled (Table III) in vesicles prepared from diabetic animals compared to their control counterparts. This valinomycin-insensitive intravesicular acidification was significantly inhibited (-85%) in the presence of 1 mM amiloride (data not shown). These findings, therefore, confirm an increase in small intestinal luminal membrane electroneutral, amiloride-sensitive Na+-H+ exchange activity associated with experimental diabetes.
Na+ gradient-dependent H+ efflux. Inwardly directed Na+ gradient-dependent H+ extrusion was also measured to assess Na+-H+ exchange activity in these vesicles using acridine orange fluorescence technique. Vesicles were loaded with 100 mM N-MGG, 50 mM K+-gluconate, 20 mM MES-Tris (pH 5.5) and were diluted into a buffer containing 100 mM N-MGG, 50 mM K+-gluconate, 20 mM Tris-Hepes (pH 7.5) and 10 MuM acridine orange±5 MAM valinomycin. Dilution of vesicles in incubation media resulted in quenching ofacridine orange fluorescence. Addition of20 mM Na+-gluconate (final concentration) resulted in the reappearance offluorescence representing Na+-dependent H+ efflux. To distinguish between conductive coupling and direct coupling, experiments were also performed in the presence of valinomycin/K+-induced voltage clamping as described above. As shown in Table IV , the rate of reappearance of fluorescence was significantly decreased in both control and diabetic vesicles under voltage clamp conditions compared to non-voltage clamp conditions, again indicating the presence of considerable conductive coupling of H+ and Na+ in these vesicles. These findings are in agreement with previous studies by Cassano et al. (1 1) also describing the presence of significant amounts of conductive coupling of Na+ and H+ in rat jejunal brush border membrane vesicles. In view of the presence of considerable amounts of Na+-and H+-conductive coupling in these vesicles, voltage clamp conditions were used for all subsequent experiments. 1758 Dudeja et al. In the presence of valinomycin, the rate of fluorescence reappearance representing electroneutral, amiloride-sensitive Na+-H+ exchange was significantly increased in diabetic vesicles compared to their control counterparts (Table IV) . These findings further confirm an enhancement in Na+-H+ exchange process in vesicles isolated from streptozotocin-diabetic rats.
Effect ofinsulin treatment on22Na uptake. Many abnormalities of the diabetic state have previously been shown to be corrected by insulin therapy (7, 8, 38, 39) . It was therefore of interest to examine the effect of this therapy on the enhanced Na+-H+ exchange associated with diabetes. As shown in Fig. 2 , insulin therapy for 5-7 d significantly decreased and tended to Table V , the diabetic state induced by streptozotocin significantly lowered 1,25(OH)2D3 levels in sera compared to controls, whereas insulin treatment as well as in vivo vitamin D treatment significantly increased 1,25(OH)2D3 levels compared to diabetic rats.
The effect of 1,25(OH)2D3 administration to diabetic rats on pH gradient-dependent (pH 5.5 inside/7.5 outside), amiloride-sensitive 1 mM 22Na uptake was also examined. As shown in Table VI , 1,25(OH)2D3 treatment corrected the enhanced 22Na uptake observed in the diabetic group to control levels. In the presence of 1 mM amiloride there was no change observed in 22Na uptake in any treatment group (Table VI) . These findings suggest that increased Na+-H+ exchange in diabetes may, at least in part, be secondary to decreased 1,25(OH)2D3 levels.
Kinetics ofNa+-H+ exchange. In order to elucidate the possible mechanism(s) of increased Na+-H+ exchange activity in diabetes and its correction by insulin and/or 1,25(OH)2D3 treatment, kinetic studies were performed to examine whether the altered activity could be explained by a change in the affinity (Ki) of the antiporter for its substrate or an effect on its maximal velocity (V,,.). Amiloride-sensitive 22Na uptake in the presence of an outwardly directed pH gradient (pH 5.5 inside/7.5 outside) was measured at the 5-s time period by varying 22Na concentrations (1-10 mM). As analyzed by double reciprocal plots (40) , as shown in Table VII 
Discussion
The present studies, utilizing two distinct but complementary techniques, have demonstrated for the first time that streptozotocin-induced diabetic rats have increased amiloride-sensitive, electroneutral Na'-H' exchange activity in proximal small intestinal brush-border membranes compared to their control counterparts. Earlier studies in chemically induced diabetic animals have previously described an increase in small intestinal sodium absorption (5, 6 ), but did not define the mechanisms involved in this phenomenon. The present data would, therefore, indicate that increased brush-border membrane Na'-H' exchange, at least in part, may be responsible for these prior observations. Increased intestinal Na+-H+ exchange in diabetes could theoretically result from either a change in the kinetic parameters (V..| and K.) ofthis process and/or an alteration in the properties of a possible H+ modifier site (41) . In the present experiments, kinetic analyses, in fact, revealed an enhanced maximal velocity (V.,,,,) of this exchanger in diabetic preparations with no change in the apparent affinity (Km) for Na+. Moreover, in agreement with the results of recent studies in luminal plasma membranes of the rat colon and rabbit small intestine (16) , preliminary studies from our laboratory do not support the existence ofa H+-modifier site in intestinal vesicles, as Hill plot analyses of the effect of various internal pH values on 22Na' uptake, failed to demonstrate positive cooperativity for protons in these preparations (unpublished observations).
In the present studies, administration of either insulin or 1,25(OH)2D3 for 5-7 d corrected the increased Na+-H+ exchange observed in the intestinal membranes of diabetic rats. These findings suggest that a number of possible mechanisms that might be involved in enhanced Na+-H+ exchange in the diabetic intestine, such as alterations in serum glucocorticoid levels, membrane fluidity, metabolic acidosis, and intestinal hypertrophy, are unlikely to play a major role in this phenomenon. For example, previous studies from our laboratory (18) had demonstrated enhanced intestinal Na+-H+ exchange in response to glucocorticoid administration. Since diabetic animals have been shown to have increased serum corticosterone levels (8) , it is theoretically possible that this factor might, therefore, be responsible for the present transport abnormalities. As previously noted (8) , however, insulin therapy failed to influence corticosterone levels in diabetic rats and yet restored Na+-H+ exchange to control levels in the present experiments.
Prior studies by our laboratory (18, 19, 42) , utilizing several different experimental conditions, have established a direct relationship between alterations in intestinal membrane fluidity and Na+-H+ exchange activity. In earlier studies (26) , however, we have shown that intestinal diabetic membranes are less fluid than their control counterparts. Taken together, these findings would suggest that it is unlikely that the increased Na+-H+ exchange noted in the current experiments in diabetic intestinal membranes was secondary to a decreased membrane fluidity.
Previous experiments in kidney brush-border membrane vesicles have also demonstrated increased Na+-H+ exchange in response to metabolic acidosis (43, 44) . Harris et al. (7), moreover, suggested that the enhanced renal luminal membrane Na+-H+ exchange observed in streptozotocin-diabetic rats was the result of increased production of endogenous protons. While acute streptozotocin-diabetic rats have not been shown to be frankly acidotic (8) , this possibility cannot be completely ruled out as a possible mechanism for enhanced intestinal Na+-H+ exchange. In the current studies, however, the correction of this transport abnormality by 1,25(OH)2D3 administration alone is unlikely to be solely explained by this mechanism.
In the present studies, in agreement with prior observations (1), the mucosal mass of the diabetic animal's intestines were markedly increased. This intestinal hypertrophy, however, is also unlikely to explain the increased Na+-H+ exchange seen in the intestine ofdiabetic rats, since villus cell membrane vesicular preparations of comparable size and number were used in these studies and, furthermore, 1,25(OH)2D3 corrected the transport abnormalities and yet had no effect on intestinal mucosal mass.
In agreement with earlier experiments by our laboratory (20) and others (21) in CaCo-2 and chick small intestinal cells, respectively, it would appear that Na+-H+ exchange activity in the intestine of streptozotocin-induced diabetes mellitus may be modulated by serum (9) . Further studies will be required to clarify these issues. Regardless of the mechanism(s) involved, however, it would appear that streptozotocin-induced diabetes is associated with an increase in intestinal Na+-H+ exchange. What are the consequences of such a transport abnormality? In this regard, studies in a number ofcultured cell lines have suggested that cytoplasmic alkalinization mediated by enhanced Na+-H+ exchange may represent an early stimulus of mitogenesis (55, 56) , although this is controversial (57) . In view of these reports and their previous studies (58), Harris et al. (7) suggested that enhanced Na+-H+ exchange in renal brush-border membrane vesicles of streptozotocin-induced diabetic rats may be closely related to the hypertrophy observed in whole kidneys of these animals. This assumption was also based on the fact that insulin therapy decreased Na+-H+ exchange concomitant with a decrease in renal hypertrophy. A direct correlation between increased Na+-H+ exchange and hypertrophic stimuli, however, was not established in these previous studies (7) . Although our present studies also demonstrate a correlation between intestinal hypertrophy and Na+-H+ exchange in diabetic rats and in insulin-treated diabetic rats, these two parameters do not seem to be interrelated in the diabetic rat small intestine, since 1,25(OH)2D3 treatment to diabetic rats corrected their enhanced Na+-H+ exchange without affecting intestinal hypertrophy.
Previous observations in kidney brush-border membrane vesicles of streptozotocin-diabetic rats have demonstrated decreased Na+-dependent D-glucose transport concomitant with increased Na'-H' exchange (7, 8) . Based on these findings, it was suggested that decreased Na'-dependent D-glucose transport was secondary to dissipation of the Na'-gradient due to enhanced Na'-H' exchange (8) . Similarly, Hopfer et al. (59) suggested that increased Na+-glucose co-transport in intestinal microvillus membrane vesicles from diabetic rats was secondary to decreased rates of non-glucose-dependent Na' flux.
Previous results from our laboratory (26) , however, have recently demonstrated that enhanced Na+-glucose co-transport in the diabetic rat proximal small intestine was localized to luminal membranes of mid-villus and lower villus enterocytes, with no change in villus-tip enterocytes. Ghishan et al. (37) have also demonstrated that under nongradient conditions (pH 7.5 in/pH 7.5 out), Na+-Pi co-transport in streptozotocin-diabetic small intestinal luminal membrane vesicles was decreased with no change in Na+ permeability. Additionally, in the absence of a pH gradient, no differences were observed in Na+ uptake in diabetic kidney brush-border membrane vesicles, whereas, under similar conditions, Na+-glucose co-transport was decreased (8) . These findings, taken together with our present results, suggest that other mechanism(s) might be responsible for alterations in D-glucose transport in streptozotocin-diabetic rat small intestine, rather than alterations in Na+-H+ exchange.
In conclusion, the results ofthe present experiments demonstrate that the luminal membranes of the small intestine of streptozotocin-diabetic animals exhibit enhanced Na+-H+ exchange activity, which appears at least in part, to be secondary to decreased serum levels of 1,25(OH)2D3 in this experimental model. In conjunction with enhanced sodium-potassium-dependent adenosine triphosphatase activity of the basolateral membranes of these cells in diabetes (60) , this increased Na+-H+ exchange at the luminal surface may serve as one possible mechanism for enhanced Na+ absorption previously described in this pathological condition (5, 6) . This increased Na+-H+ exchange may also play an important role in maintenance of intracellular pH in the diabetic small intestine. Additional studies to further define the mechanism(s) involved in modulation of intestinal Na+-H+ exchange by 1,25(OH)2D3 as well as their possible relationship to the known structural and functional abnormalities in the intestine of diabetic animals will, therefore, clearly be of interest.
